• Developed powerful new device tool for optogenetic studies in non-human primates.
a b s t r a c t
Background: Advances in optogenetics have led to first reports of expression of light-gated ion-channels in non-human primates (NHPs). However, a major obstacle preventing effective application of optogenetics in NHPs and translation to optogenetic therapeutics is the absence of compatible multifunction optoelectronic probes for (1) precision light delivery, (2) low-interference electrophysiology, (3) protein fluorescence detection, and (4) repeated insertion with minimal brain trauma. New method: Here we describe a novel brain probe device, a "coaxial optrode", designed to minimize brain tissue damage while microfabricated to perform simultaneous electrophysiology, light delivery and fluorescence measurements in the NHP brain. The device consists of a tapered, gold-coated optical fiber inserted in a polyamide tube. A portion of the gold coating is exposed at the fiber tip to allow electrophysiological recordings in addition to light delivery/collection at the tip. Results: Coaxial optrode performance was demonstrated by experiments in rodents and NHPs, and characterized by computational models. The device mapped opsin expression in the brain and achieved precisely targeted optical stimulation and electrophysiology with minimal cortical damage. Comparison with existing methods: Overall, combined electrical, optical and mechanical features of the coaxial optrode allowed a performance for NHP studies which was not possible with previously existing devices.
Introduction
While optogenetics has rapidly established itself as a powerful tool to study brain function in invertebrates and rodents Yizhar et al., 2011) , transition to non-human primates (NHPs) is still at an early stage. Even though robust optical modulation of neural activity has been shown with a variety of optogenetic constructs Gerits et al., 2012; Han et al., 2009; Jazayeri et al., 2012) , optically-induced behavioral perturbations has been reported only in few studies (Cavanaugh et al., 2012; Gerits et al., 2012; Jazayeri et al., 2012) (also O'Shea et al., 2011; O'Shea et al., 2012; Goo et al., 2012; P.K. et al., 2012 Soc. Neurosci. Abstr. 229.03) . While these results highlight the potential for optogenetics in NHPs to explore the neural substrate of high-level cognitive functions and sensorimotor processing, further development of entirely novel optoelectronic tools is critically required, with capabilities of simultaneous electrophysiological recording, light delivery and fluorescence collection (Gerits et al., 2012) (also O'Shea et al., 2011) . Advanced NHP studies, especially with chamber-mounted access ports to the brain, typically involve multiple penetrations into the same brain region over weeks and months, thereby demanding probes which are also mechanically robust while minimizing brain damage.
So far, most commonly used probe for optogenetics studies in NHPs has been the "dual-pronged optrode", based on simply attaching a glass optical fiber to a metal microelectrode (Anikeeva et al., 2012; Diester et al., 2011; Gradinaru et al., 2007) . Typically this axially asymmetric construct induces cortical damage after repeated penetrations and presents the additional risk of optical fiber breakage, confounding the interpretation of the observed results. A more recent device, now with axial symmetry, is a glass-coated tungsten electrode (Tamura et al., 2012) , designed for usage in NHPs. This probe is formed by four optical fibers embracing a central metal electrode which were subsequently pulled to a sharp tip. Although the device has the interesting feature of delivering or collecting light from four fibers independently, the overall shank diameter (∼500 m diameter) is much larger than a typical microelectrode. It is unclear how durable such a glass-dominated material structure is against multiple penetrations.
Both the dual-pronged-optrode and glass-coated tungsten electrode utilize large diameter optical fibers which limits the optical spatial resolution e.g. in fluorescence imaging. In addition, their optical apertures reside at least few hundred micrometers away from the sites of electrophysiological recording, leading to a nonoptimal registry between the site of recording and the spatial profile of both light delivery and fluorescence collection. Thus, optogenetics studies in NHPs would benefit from new types of probes with improved capabilities.
With the motivation for developing a new type of optoelectronic tool for optogenetics in NHPs, here we describe here a "triple-function" coaxial optrode with combined capabilities of electrophysiology, light delivery and fluorescence intensity measurement. The device has a mechanically robust, axially symmetric structure with a diameter comparable to conventional metal microelectrodes enabling multiple penetrations into a targeted brain region with minimal tissue damage. Its design, informed by computer models, does not impose any constraints on length making it attractive also to studies of deep brain structures. Numerical simulation of electrophysiological recording capabilities gave a priori comparison with conventional metal microelectrodes, while numerical models based on Monte Carlo approaches for photon diffusion (Chow et al., 2010; Wang et al., 1995 Wang et al., , 2012 enabled determination of optical energy distribution in the brain tissue-including the safety concerns of heat generation. Quantifying tissue heating and limits on input optical power delivered into the brain have been largely ignored in in vivo optogenetics studies. (Optically induced photoelectric artifact effects have been subject to discussion (Long and Fee, 2008; Moser et al., 1993; Yizhar et al., 2011) , however minimized in our device during fabrication (Section 2.1)). While being published elsewhere, ongoing experiments in our laboratories have taken advantage of the capabilities of the new coaxial optrode to generate optically-induced behavioral modulation in NHPs and rodents.
Materials and methods

Microfabrication of the coaxial optrode
A step-index multimode optical fiber (10/125 m core/cladding diameters, HPSC10, Thorlabs) ( Supplementary Fig. S1 (i)) was cut into a desired length (for our applications ∼10-15 cm) and tapered at one end by mechanical polishing using a pipette beveler (BV-10, Sutter Instruments) ( Supplementary Fig. S1 (ii)) where an 18 G stainless steel tube was mounted on the pipette holder (set at ∼15-30 • ) to guide the fiber toward the polishing plate. The fiber was rotated continuously in the tube during polishing to obtain a conical tip shape. Following the tapering, the fiber was ultrasonically cleaned in acetone, methanol and water, and an LC miniature connector (MM-FER2007C-1270, OptoEquip) was mounted at the non-tapered end using a heat-curable epoxy Thorlabs) .
The connecterized and tapered fiber was left in acetone overnight to soften the polymer jacket for easy removal, and sequentially cleaned with acetone and methanol. Next, the fiber was flatly mounted in the electron beam evaporator for deposition of a chromium layer (∼10 nm) followed by a gold layer (∼100-300 nm) ( Supplementary Fig. S1 (iii)).
After metallization, the fiber was first inserted into a polyamide tube (∼3 cm shorter than the fiber, 36AWG, Small Parts) and then into a reinforcing stainless steel tube (29 G) ( Supplementary Fig.  S1 (iv)) which had its end facing the fiber tip chamfered with a drill. At this junction, we followed two different pathways in the fabrication process depending on the purported usage of the optrode. If dura penetration was aimed as in NHPs, the chamfered end was fixed at the start of the tapered segment of the fiber (Supplementary Fig. 1(iv), left) . Otherwise, the chamfered end was fixed at a desired distance from the tip ( Supplementary Fig. S1 (iv), right) to obtain a thinner shank diameter (∼165 m).
Next, UV-curable epoxy (NOA81, Thorlabs Inc.) was manually applied to the tip in 2-3 steps to expose a small portion (semi-conical frustum (∼60 • opening angle) with top and bottom plane diameters of about 30 m and 80 m) of the gold coating to the air ( Supplementary Fig. S1 (v-vi)) as the recording surface and make a smooth transition from the tapered fiber to polyamide and stainless steel tubes (Supplementary Fig. S1(v) ). Impedance "tuning" (∼100 k precision) was accomplished by controlling the amount of exposed metal during dispensing of the epoxy. For electrical contact, a wire (29 G) was attached to the metal coating exposed at the connector end of the fiber by using silver epoxy (H20E-PFC, Epoxy Technology). The entire electrical connection pathway was sequentially inserted into a polymer tube for electrical insulation and into a larger stainless steel tube for mechanical rigidity (Fig. 1d) . The tubes were fixed with UV-curable epoxy and entire construct was baked at 60 • C overnight for full curing of epoxies.
After the fabrication steps described above, the metal coating partially covered the core of the fiber at the tip where the light exits ( Supplementary Fig. S1(v) ). This led to large light induced artifacts (photoelectric effects) (Ayling et al., 2009; Cardin et al., 2010; Han et al., 2009) in the recordings. To minimize these artifacts, we polished the optrode tip perpendicularly on the beveler ( Supplementary Fig. S1 (vi)) until the peak-to-peak amplitude of the artifacts induced by 10 ms long laser pulses (10 mW, 473 nm) dropped below ∼ < 30 V within the frequency band from 0.3 to10 kHz (spike recording regime), where the peak-to-peak noise level in our electrophysiology setup was also ∼30 V. As demonstrated by recordings from the posterior parietal cortex of a non-transduced wild-type mouse ( Supplementary Fig. 2 ), this procedure minimized the amplitude of the artifacts in the spike recording regime to noise level even at the maximum light power (∼16 mW) which could be safely used with the coaxial optrode without critical tissue heating (see Section 3.4). However, the artifacts in the frequency range 0.1-250 Hz (local field potential (LFP) recording regime) were still present ( Supplementary  Fig. S2 ). The amplitude and shape of artifacts in the LFP recording varied from experiment to experiment, probably due to their observed dependence on the position of the coaxial optrode in the brain. This caused difficulties in distinguishing neural signals from artifacts in LFP recordings, and therefore, we did not attempt to use the present version of coaxial optrode to monitor LFPs.
Electrophysiology, optomodulation experimental setup, and data analysis
All electrophysiological data was collected with electrode amplifiers (AM-1800, AM Systems interfaced to home-made Labview programs or neural data acquisition unit by Blackrock Microsystems). Data was filtered at 0.3-10 kHz and stored at a computer. All data analysis was performed offline with custom-written programs in Matlab. Tungsten microelectrodes were acquired from MicroProbes (WE30030.5H5) and had a shaft diameter of 125 m.
Optical stimulation was delivered from a blue (473 nm, MLL-III-473) or green (561 nm, MLL-FN-561, Opto Engine LLC) laser and controlled by a Master-8 pulse generator (A.M.P.I.) or a custom made data acquisition system.
Fluorescence detection system
The fluorescence detection module accepted fluorescence signals collected through the coaxial optrode. The module operated in a photon counting regime to convert the intensity of fluorescence to a photon count rate. The design of the module (Supplementary Fig. 3 ) was based on an epi-fluorescence microscope, where the objective was replaced by the coaxial optrode, i.e. the optrode was used for both delivering light to excite fluorescent molecules and collecting the resulting fluorescence. A relay fiber (10/125 m core/cladding diameters) connected to the coaxial optrode by an LC-type fiber connector (MM-FER2007C-1270, OptoEquip) was used for guiding both the excitation light to and collect fluorescence signals from the optrode (Supplementary Fig. S3 ). The opposite end of the relay fiber was attached to a fiber collimator (F220-SMA, Thorlabs) for coupling the excitation light to and collecting the fluorescence from the relay fiber. The excitation light source was a laser at a wavelength suitable for the excitation of fluorescence molecules of interest, in our case, MLL-III-473 laser (Opto Engine LLC) operating at 473 nm. The excitation and fluorescence collection pathways were separated before the fiber collimator by a dichroic mirror (FF520-Di02-25 × 36, Semrock). The fluorescence signals emerging from the collimator were guided through this mirror and two sets of emission filters (FF01-542/27-25, Semrock) to a photon counting module (SPCM-AQR-1X, PerkinElmer), an ultrahigh-sensitivity avalanche photodiode (APD) converting each photon to a single short (35 ns) pulse of 2 V amplitude. The pulsed output of the APD was converted to a photon count rate by an oscilloscope (TDS2004C, Tektronix). The photon count rate was expected to be proportional to the fluorescence signal level (see Section 2.4), therefore allowing fluorescence intensity to be monitored with high sensitivity.
Estimation of opsin concentration from fluorescence signals
At a given position in the brain, the coaxial optrode collects fluorescence signals from local fluorescent molecules and converts them to a single intensity value as a photon count rate. Therefore, for a fixed excitation power, this intensity (or photon count rate) has to be a function of the number, i.e. concentration, of the excited fluorescent proteins. Therefore, the photon count rates could be calibrated to estimate the concentration of fluorescent proteins in the brain. We calibrated the photon count rates using phantom brain preparations (a medium with absorption and scattering properties similar to brain, see below) containing varying concentrations of fluorescein (F6377, Sigma). The relationship between the photon count rate and concentration of fluorescent molecules is shown in Table 1 .
An interpolation of this data led to a quantitative relationship:
r N = count rate within the medium count rate outside the medium
where r N is the normalized photon count rate and c F is the concentration of fluorescent molecules. Since opsin expression is expected to reside mainly on the neural cell membrane, the concentration calculated with this procedure is an estimate of the average opsin concentration within the optical volume of fluorescence detection.
Phantom brain gel preparation
60 mg agarose, 2.5 ml of 0.065% TiO 2 , and 1 ml TBE buffer were mixed in 6.5 ml water and the mixture was heated up until boiling while continuously stirring with a magnetic stir bar. Once the heat was turned off, stirring was continued for another 3-5 min and a calibrated amount of fluorescent dye was added to reach a targeted concentration of fluorescent molecules in the final gel which had mechanical and optical properties similar to cortical tissue (Yaroslavsky et al., 2002) .
Modeling of the recording capabilities of the coaxial optrode and the metal electrode
In the computational model, the recording device, either a coaxial optrode or a metal electrode, was placed in the center of a cylindrical volume conductor (1 mm radius, 2 mm height) (Supplementary Fig. S4 ) having the same electromagnetic properties as homogeneous brain tissue (electrical conductivity = 0.33 S/m (Haueisen et al., 2002) ). Our aim was to find the amplitude of the potential generated at the recording device by a point dipole current source, representing a spiking neuron, as a function of its position in the volume conductor. According to Helmholtz reciprocity theorem (Helmholtz, 1853) , this computation can be reduced to solving the Poisson equation for the scalar potential generated by a unit current injected through the recording device (Wang, 2012) . We solved the corresponding Poisson equation by using COMSOL Multiphysics (COMSOL).
Monte Carlo simulations for characterizing light intensity in the brain
Monte Carlo simulations we employed were based on tracking individual trajectories of many photons as they go through probabilistic scattering and absorption events in the brain after emerging from the fiber aperture . The brain tissue was considered as a uniformly scattering ( a = 0.07 mm −1 ) and absorptive medium ( s = 10 mm −1 ) (Yaroslavsky et al., 2002) ) with a scattering anisotropy given by the Henyey-Greenstein (HG) phase function:
where p(cos Â)dÂ is the probability of direction change by an angle Â after a scattering event and g = 0.88 for the brain (Yaroslavsky et al., 2002) . We represented the brain tissue as a 4 mm × 4 mm × 4 mm cube divided into 400 × 400 × 400 voxels (voxel size of 10 m × 10 m × 10 m) and the fiber aperture as a disk at its center. 10 7 photons were launched from this aperture, uniformly distributed across the angle of divergence Â div = sin −1 (NA/n tissue ) where NA is the numerical aperture of the fiber and n tissue = 1.36 is the index of refraction of the brain tissue (Binding et al., 2011) . For each photon, a random travel distance, a mean-free-path-step, obeying Beer-Lambert law was generated before any scattering and absorption event. At the end of the step, the weight of existence for the photon was decreased according to the probability of being absorbed. The remaining non-absorbed portion of the photon was redirected again based on the HG phase function. This procedure was repeated for each photon at least 100 times. The outcome of the simulation was the number of photons absorbed at each voxel which could be converted to light intensity at each voxel by
where P, V, a and 10 7 are light power from the aperture, volume of a voxel, absorption coefficient and number of launched photons, respectively.
Tissue heating and temperature rise
To calculate the temperature rise due to absorption of optical energy in the tissue, we numerically solved the Laplace equation for heat diffusion:
where mass density = 1.07 × 10 6 g/m 3 , specific heat capacity c = 3.6 J/g K and thermal conductivity k = 0.56 W/m K are the material properties of the brain tissue (Holmes, 1998) , and T, p, r and t are temperature change, absorbed optical power per volume, space vector coordinate, and time, respectively. To solve this equation numerically, we used the same 3D space unit we defined during Monte Carlo simulations. Accordingly, the absorbed power per volume p was calculated from the absorbed photon counts obtained by Monte Carlo simulation as
where P and V are the light power and the volume of a voxel, respectively. We performed the numerical calculation with dt = 0.1 ms time steps (shorter than the diffusion time (∼0.12 ms) between voxels) by using the recursive relation:
where x, y, z and n are space and time indices, and
Animal procedures for rodents and primates
All rodent procedures were approved by the Brown, and primate procedures by the Brown and Stanford University Institutional Animal Care and Use Committees, respectively, and performed in accordance with the animal welfare guidelines of the National Institutes of Health. The experiments were performed on three animal models: transgenic mice (Thy1-ChR2-YFP (line 18), Jackson Labs) and wild-type rats (Long Evans, Charles River) at Brown, and NHPs (Macaca mulatta) at Brown and Stanford. For opsin expression in non-transgenic animals, we used the viral construct AAV5-CamKII␣-C1V1(E122T/E162T)-ts-eYFP (4.0 × 10 12 genome copies/ml).
Rodent surgeries and experiments were performed under ketamine/xylazine (100/10 mg/kg) or isoflurane (2%) anesthesia. For opsin expression in rats, a small craniotomy (<1 mm) was made above the forelimb area of the motor cortex (2.75/1.25 mm mediolateral/anterior of bregma) and the virus was injected at two depths (0.7 and 1.5 mm from the dura, 1 l per injection, 0.1 l/min). Following the injections, the craniotomy was closed with bone wax and the skin was sutured. Experiments started at least three weeks after injections. Before experiments, a craniotomy (2-3 mm in diameter) was made above the somatosensory cortex (mice) or forelimb area of the motor cortex (rats), and then the dura was removed throughout the craniotomy.
For NHP work, four adult male monkeys (Macaca mulatta) (two at Brown, two at Stanford) were implanted under isoflurane or ketamine/xylazine anesthesia with a recording chamber perpendicular to the skull, in two monkeys over dorsal premotor cortex (upper arm region) and in other two over the somatosensory cortex (hand region). A few weeks after the implantation, 2-3 locations over the cortical region of interest were targeted for injections; and at each location, 1 l of virus was injected using an adapted microinfusion system at 1 mm intervals from the cortical surface down to a depth of 5-8 mm. After waiting at least 6 weeks, and before every recording session, (i) either 1 mm length linear incision was made through superficial dura using aseptic technique, and a blunt, non-penetrating guide tube was lowered until resting on the incision site, or (ii) a sharp guide tube was pushed ∼0.5-1 mm through the dura and then retracted back to the dura to facilitate optrode penetration into the brain. The coaxial optrode was advanced through the guide tube via a motorized micromanipulator (NaN Instruments).
Characterization of NHP tissue damage
One adult female squirrel monkey (Saimiri sciureus) was induced with isoflurane anesthesia in a stereotaxic frame (David Kopf Instruments) and small craniotomies were fashioned bilaterally over sensorimotor cortex. Dura was opened, and the coaxial optrodes and the two-pronged devices, respectively, were mounted on electrode micromanipulators and lowered to 2 mm below cortex onto different nearby cortical targets. After 5 min, the optrodes were withdrawn, and the animal was euthanized with intravenous pentobarbital and phenytoin and immediately transcardially perfused. Brains were fixed for 10 days in 4% paraformaldehyde and then equilibrated in 30% sucrose in PBS. We cut 40 m-thick sections on a freezing microtome and stored them in PBS at 4 • C before processing with standard immunohistochemical procedures using the primary antibodies mouse antiNeuN 1:500 (Millipore) in 0.01% Triton X100 and 3% normal donkey serum, secondary antibodies (1:1000) conjugated to Alexa 647 and DAPI (1:50,000). Confocal fluorescence images were acquired with a high-resolution microscope (Leica). In addition, 40 m-thick histological sections were prepared from one of the rhesus macaques to demonstrate the tissue response after many penetrations with the coaxial optrode into the same brain region.
Results
Design and fabrication of the coaxial optrode
After the numerical model-based design concepts were established, precision microfabrication process flow of the coaxial optrode (Fig. 1a) began with a tapered inner optical fiber (10/125 m core/cladding diameters), half of whose circumference along its length was coated with evaporated 10/100-300 nm thick chromium/gold layers. The fiber was inserted sequentially into a polyamide tube (165 m OD) for insulation, and then into a chamfered stainless steel tube (310 m OD) for mechanical reinforcement (Fig. 1a) . The chamfered end of the stainless steel tube was kept about 0.1 mm away from the onset of the fiber taper when dura penetration in NHPs was involved. Otherwise, it was retracted back to a desired distance from the tip to allow a thinner shaft diameter (165 m) (Fig. 1b) . The structure was fixed together with a biocompatible UV-curing epoxy applied to the tip to ensure a smooth, continuous surface from the tapered tip to the polyamide tube and onto the stainless steel tube. The apex of the tip was polished mechanically to a diameter of about 20-30 m to expose the core of the fiber (Fig. 1c) for maximum light throughput during light delivery/fluorescence collection while minimizing optically induced photoelectric artifacts in electrophysiological recording to the noise level (peak-to-peak amplitude ≤30 V). The impedance values were adjustable to be between 200 and 600 k by controlling the amount of exposed gold. This impedance range was empirically determined to be optimal for recording from cells across the rodent-primate cross-species range. Details of the fabrication steps and electrical/optical connectorization (Fig. 1d) are given in Section 2.1.
We first verified that the coaxial optrode was mechanically robust enough to make multiple penetrations through the dura exposed through chronic recording chambers in NHPs. Due to the flat tip shape of the coaxial optrode, a dimpling of 4-7 mm depth on the brain surface was observed before penetrations (2-5 mm in case of rodents). In rodents, to minimize the amount of dimpling, we simply removed the dura at the insertion site which reduced dimpling to 100-250 m. In NHPs, we either used a sharp guide tube or made a 300 m linear incision in the dura to facilitate penetration. To date, we have used four optrodes in two sets of NHP studies. Two optrodes were used for 11 and 13 penetrations (one penetration per recording day) without impairment, i.e. without obvious visible damage on the optrode or significant change in its impedance, respectively, before issues unrelated to the actual optrode performance, such as breakage of the tip or the back-end connections due to mishandling before or after an experiment, terminated the usage of the particular optrodes any further. The other two devices have gone through 19 and 28 penetrations with unimpaired performance and are in active use in behavioral NHP trials at this writing.
3.2. Performance of the coaxial optrodes in vivo: electrophysiology, optical modulation and fluorescence measurement As a photonic device, the coaxial optrode was used either for targeted light delivery or for fluorescence measurements by connecting it through a quick-disconnect relay fiber either to a compact solid-state laser (light delivery) or to our compact custom-engineered fluorescence detection module (fluorescence measurement). As an electronic device, even though the design of the coaxial optrode seemed to be potentially suitable for electrical microstimulation, the currents typically used in electrical microstimulation studies were damaging to the coaxial optrode. Therefore, and given the electrochemical liability of gold, we did not investigate electrical microstimulation features of this version of our optrode any further.
To demonstrate and characterize the performance of the coaxial optrode as a triple-function device we performed simultaneous extracellular recording and optical stimulation experiments in (i) transgenic mice (6 animals, Thy1-ChR2/YFP), (ii) transduced rats (3 animals, viral construct AAV5-CamKII␣-C1V1(E122T/E162T)-ts-EYFP), and (iii) awake head-fixed transduced rhesus monkeys (4 animals, viral construct AAV5-CamKII␣-C1V1(E122T/E162T)-ts-eYFP). In selected cases, we monitored the YFP fluorescence intensity as a function of optrode insertion depth to gauge the opsin expression levels. In the fluorescence collection mode (to improve placement precision and measurement of the opsin expression level), fluorescence protein signals were converted by a compact custom-engineered fluorescence detection module (Section 2.3) to a photon count rate. This, in turn was calibrated to give an estimate of the concentration of the fluorescent proteins within a given optical volume in the brain. Fig. 2 (top rows) shows experimental examples acquired from somatosensory cortices of the three animal models. In each case the optrode was advanced slowly by microdrives into the brain to collect neural recordings and fluorescence signals at several depths. Light pulses of 500 ms duration were applied (blue and green colored bars) to evoke spiking responses from the recorded cells. Spike waveforms during optically induced and spontaneous activity were identical (Fig. 2, middle rows) to validate that the recorded neurons were indeed light stimulated. Occasionally, extra spike waveforms could be picked up during stimulation (for example Fig. 2a , middle row). These may be transients/spikes in the neuropil or spikes from previously silent neurons.
The fluorescence signals collected by the optrode (Fig. 2 , bottom rows) confirmed that the opsin expression at recording locations (indicated by arrows), with estimated average concentrations (see Section 2.4) of 4.8 M, 0.1 M and 0.3 M for the transgenic mouse, rat and NHP models, respectively. Optical neuromodulation was absent at locations without significant fluorescence signal. For instance, at depths below 1.2 mm in the rat brain (Fig. 2b , bottom), we were unable to produce optically induced spiking. Overall, the fluorescence signals collected by the coaxial optrode provided useful geographical maps of local opsin expression level. This was further confirmed by comparing the fluorescence intensity profiles obtained to those subsequently obtained from histological sections ( Fig. 2a and b, bottom rows) . The comparison showed a good match except for the first 200-250 m, i.e. the approximate distance the optrode physically displaced the brain surface before entry. The Pearson correlation value between the traces obtained with the optrode and histology was 0.67 ± 0.10 (7 measurements in 3 mice and 1 rat), but increased to 0.83 ± 0.09 when the first 250 m of the penetration was excluded.
Electrophysiological traces recorded with the coaxial optrode generally consisted of spikes from multiple neurons (Fig. 2) . It was usually easy to isolate individual single units from these traces by using a standard spike-sorting algorithm. The occurrence of spikes from multiple neurons in the recordings is unsurprising considering the shape and size of the exposed metal layer at its tip which forms a sheet on the surface of a semi-conical frustum (∼60 • opening angle) with top and bottom plane diameters of about 30 m and 80 m (Fig. 3c left column) , respectively. As a comparison, metal microelectrodes with similar impedance values (∼500 k ) have conical tips with a height and base diameter of approximately 25 m and 5 m, respectively (Fig. 3c right col umn) . To establish a quantitative comparison between these two structures, we undertook both experiments and numerical model simulations.
In experiments, we performed electrophysiological recordings in the somatosensory cortices of two anesthetized mice with three coaxial optrodes (impedances 400, 500 and 600 k ) and two metal microelectrodes (impedances 500 k and 600 k ) concurrently. We advanced their tips 3 mm into the brain while recording spiking data. Our aim was to quantify the average number of recording sites with sortable spike recordings and average spike amplitudes per device. Individual recording sites were determined by using the following procedure: (1) as the probe was advanced in the brain, spikes are detected at some locations; (2) the probe was further advanced to obtain maximum spike amplitudes; (3) electrophysiological data was collected at this point; (4) later, using offline analysis, if individual units were determined to be sortable, this location was identified as a recording site; (5) after data collection (step (3)), the probe was advanced further until spike amplitudes decreased significantly and/or new spikes emerged; (6) the procedure was repeated.
On average, we found 19.7 ± 4.0 (3 penetrations) and 12.3 ± 1.5 (4 penetrations) recording locations per penetration with the microelectrode and optrode, respectively (p < 0.01 one-tailed ttest). As shown in Fig. 3a (top) , 16% of all recordings (n = 49) with the optrode consisted of spikes from only one cell, 67% from two cells and 16% from at least three cells. By comparison (p < 0.001, permutation test), 41% of all recordings (n = 59) with the microelectrode, contained spikes from only one cell, 48% from two cells and 12% from three or more cells (Fig. 3b) .
Next we calculated the mean spike amplitudes for the coaxial optrode and the microelectrode at the recording sites described above in two sets. For the first set, we included only one isolated neuron per recording, choosing the one with the largest spike amplitudes. In this comparison, the median trough-topeak spike amplitudes were 186 V (IQR = 117-375 V, n = 59) and 119 V (IQR = 91-142 V, n = 49) for the microelectrode and optrode, respectively (p < 0.001, one-tailed t-test). In the second set, where all the isolated units are included, the median spike amplitudes were 132 V (IQR = 94-223 V, n = 101) and 87 V (IQR = 69-123 V, n = 94), respectively (p < 0.001, one-tailed t-test). The amplitude histograms for the two sets are shown in Fig. 3b .
In sum, the number of active sites obtained with the optrode per penetration in the cortex was about 62% of that with a metal microelectrode of similar impedance value whereas associated signal amplitudes were about 2.2-2.4 times smaller on average. However, majority of the recorded spikes had comparable amplitudes (see histograms in Fig. 3b) , but large amplitude spikes were more frequent with the metal electrode. Both devices showed similar RMS noise levels of 8 ± 6 V and 10 ± 3 V for the coaxial optrode and the metal electrode, respectively. The above comparison from purely electrophysiological point of view is helpful in showing that the current optrode device is practical as a recording device for NHPs -especially when taking into account its other unique assets in the aggregate.
Electrostatic modeling of the coaxial optrode
We performed first-principles electrostatic modeling to estimate the optrode's spatial recording field in comparison with a metal electrode. The numerical simulations generated maps of signal amplitudes modeled as a unit dipole current source, representing the membrane current during spiking, as a function of its recording site location (see Section 2.6 for the computational model and calculations). The calculated recording fields of the optrode and microelectrode (normalized to the peak amplitude of the optrode recording field) are shown as "heatmaps" in Fig. 3c . These heatmaps reveal that (i) the ratio of maximum optrode/microelectrode signal is 1/3.58 and (ii) the cortical volume for a given signal amplitude by the optrode is somewhat larger. As complementary view, plots of signal amplitudes versus their corresponding effective volume for both devices (Fig. 3d (top) ) indicate how most recorded spikes originate from neurons located about 10-40 m away from the sensors and that the effective recording volume of the optrode can exceed that of the microelectrode by about a factor of four (Fig. 3d,   bottom) . These results are consistent with experimental observations explaining why the signals are somewhat smaller with the optrode and why these recordings contain spikes from more neurons (note the similarity between Fig. 3d and histograms in Fig. 3b ).
Quantifying the light delivery from the coaxial optrode: optical action volume and modeling tissue heating
Our coaxial optrode has a considerably smaller optical aperture (10 m diameter, 0.1 NA) than previously used fiber optics or "dualpronged" optrodes in studies of animal behavior (Anikeeva et al., 2012; Aravanis et al., 2007; Diester et al., 2011; Gerits et al., 2012; Gradinaru et al., 2007; Han et al., 2009; Jazayeri et al., 2012) . Since light output distribution, total volume of opsin excitation, and maximum safe in the brain power (determined by tissue heating due to nonspecific absorption of optical power) might depend on aperture size, we estimated these quantities in a model combining Monte Carlo photon diffusion simulations (Chow et al., 2010; Wang et al., 2012 Wang et al., , 1995 with heat diffusion dynamics in cortical tissue (Sections 2.7 and 2.8). In general, heat diffusion in the brain is expected to be dependent on the specific local environment of heat generation in the brain due to variations in the local density of brain tissue and blood vessels (which would support heat diffusion). Therefore an exact modeling or precise experimental measurements would be case specific, and beyond the scope of this work. As a generalized case, our simulations assume the brain as a homogenous scattering and absorbing medium and provide a first order approximation to the optically induced heat generation in the brain tissue. Fig. 2 . In vivo performance of the coaxial optrode: (a-c) demonstrating the triple-functionality of the device in (a) an anesthetized mouse (transgenic Thy1-ChR2/YFP), (b) anesthetized rat (transduced with AAV5-CAMKII␣-C1V1-eYFP), and (c) awake behaving non-human primate (transduced with AAV5-CAMKII␣-C1V1-eYFP). The top panels in (a-c) show examples of optically modulated electrophysiological recordings from somatosensory cortices with blue and green bars indicating periods of light delivery (at 473 nm for the mouse and 561 nm for the rat and NHP cases, respectively). The recordings were acquired at depths indicated by arrows in the bottom panels. Lightinduced increase in spiking activity is clearly visible in all recordings. The spike shapes of the isolated neurons (black and red traces in middle panels) were indistinguishable during spontaneous and optically-stimulated periods indicating that the activity of the recorded neurons was modulated by light. In case of the transgenic mouse, optical stimulation evoked spiking from another nearby neuron which was otherwise silent (column a, middle panel). The bottom panels (a-c, solid lines) show the fluorescence signal amplitudes (from YFP) collected as the device was advanced into the brain during the recording sessions (at 50 m and 250 m intervals in case of rodents and NHP, respectively). The fluorescence amplitudes were expressed as logarithm of the fluorescence intensity normalized to its value outside the brain. For comparison, fluorescence intensity profiles from histological sections (a-b, bottom right panels) at the sites of penetration are plotted as dashed lines. Except for the initial 200 m distance from the dura, fluorescence profiles obtained from the coaxial optrode and histology were similar. The cortical layers are indicated with roman numbers to demonstrate the capability of the optrode to detect layer specific expression level. (Histological YFP fluorescence characterization was not performed in the case of the primates; see, however, Fig. 6 related to NHP histology). Also note that although the viral injections in rats and NHPs were made at discrete targeted locations, the injection sites were not clearly tractable from the histological and fluorescence collection data since, under our injection conditions, the AAV-based gene delivery at a single site leads to a uniform gene expression within a region of radius more than 1 mm in the tissue, thereby averaging out any clear indication of individual injection sites.
With these simulations, we compared the coaxial optrode to a fiber of 200 m diameter aperture (0.37 NA) commonly used in reported experimental literature (cited above). First, we calculated iso-intensity contour lines for 10 m (coaxial optrode) and 200 m aperture size fibers, respectively, for the same delivered light power of 1 mW (Fig. 4a) . These plots show that the light intensity distribution differs in the immediate proximity of the apertures but converges with distance approximately 100 and 700 m along the radial and axial directions, respectively. The peak intensities occur at the aperture exit planes scaling approximately inversely proportional to aperture areas. A comparison between intensity levels along the axial direction (Fig. 4b) shows that the peak intensity for the 10 m aperture is about 400 times higher than that for the 200 m aperture, suggesting that the coaxial device might be useful also for nonlinear optical stimulation (e.g. two-photon absorption for spatially selective opsin activation), but that care should be exercised to avoid possible detrimental high optical field effects. In the low power linear regime, we compare in Fig. 4c the effective opsin excitation volumes for each size of fiber aperture as a function of input light power by normalizing the threshold intensity for opsin activation as 1 mW/mm 2 . These plots show that, for power levels above 0.5 mW, the effective volumes of Fig. 3 . Assessing electrophysiological recording capabilities of the coaxial optrode in comparison to a metal microelectrode (similar impedance value): (a-b) experimental comparison of the recording capabilities for the two devices, (a) the distribution of the number of identified neurons per recording for the coaxial optrode and metal electrode, (b) distribution of spike amplitudes (top for the coaxial optrode, bottom for the metal electrode) when only the average spike-amplitudes of neurons with largest spikes at each recording were considered (left column), and when the average spike-amplitudes of all isolated neurons were considered (right column), (c and d) comparison through numerical modeling of the recording capabilities of the two devices, (c) the spatial profiles of signal amplitudes recordable by the coaxial optrode (left column) and the metal electrode (right column) are shown as "heatmaps". The maps in the top rows show the recorded field profiles projected on the plane in which the devices lie, whereas the bottom rows project the amplitude contours onto the perpendicular plane (indicated by dashed lines in the top rows). Note that color code scale for the coaxial optrode is about 3.58 times smaller than the one for the metal electrode, (d) the signal amplitudes for the coaxial optrode and metal electrode vs. the cube-root of the modeled volume (top). For better visualization, the volume is converted to "distance" by taking its cube-root. The ratio of recording volume for the coaxial optrode to that for the metal electrode for each chosen signal amplitude (bottom). (For interpretation of references to color in this figure legend, the reader is referred to the web version of this article.) intensity distributions for a total output power of 1 mW from the coaxial optrode (left) and the larger aperture fiber (right). The iso-intensity curves were obtained by Monte Carlo simulations applied to a homogenous medium with absorptive and scattering properties those of cortex, (b) intensity profiles along the axial (z) propagation direction, (c) dependence of the effective volumes of opsin excitation on optical power assuming 1 mW/mm 2 as sufficient intensity to exceed excitation threshold for opsin expressing neurons (blue and red dashed curves for the coaxial optrode and fiber, respectively). The inset plot shows the excitation volumes at low power regime. (For interpretation of references to color in this figure legend, the reader is referred to the web version of this article.) opsin activation (i.e. number of optically activated cells) are nearly equal for both aperture sizes. However, between 40 and 500 W, the 200 m aperture has as much as 2.4 times larger activation volume compared to 10 m aperture (see inset in Fig. 4c for low power regime). Below 40 W, the excitation volume for 200 m aperture drops virtually to zero whereas there is still opsin excitation possible for 10 m aperture, showing that the latter is more suitable for minimal excitation applications while being spatially more precise.
Using the numerical simulations for light distribution, we next considered limits to safe light delivery into brain by tissue heating due to absorption of optical energy. First, we calculated spatial maps of initial temperature rise for 10 m and 200 m optical apertures in response to a short light impulse (a single square pulse of 1 mW power and 0.1 ms duration, Section 2.8) (Fig. 5a ). The time scale of the unit impulse is shorter than all thermal time constants in the tissue (Section 2.8), and thus the optical impulse of energy is completely absorbed before the start of heat diffusion. The temporal dynamics of the temperature distribution in the impulsive limit are plotted as the temperature profile along the axial direction after 10, 20, 30 and 50 ms intervals (Fig. 5b) . These plots show an initial temperature rise for a 10 m aperture T = 1.8 × 10 −2 • C and, even if a modest value in absolute terms, is much larger than the one for 200 m aperture ( T = 6.6 × 10 −5 • C). However, for the smaller aperture heat diffusion is much faster due to the large temperature gradient (Fig. 5a and b) : at about 50 ms following the light impulse the peak temperature in the tissue is virtually identical for both apertures. This impulsive case is useful for understanding the consequences of applying more realistic longer light pulses in optogenetics experiments such as shown in Fig. 5c . As the heat diffusion is faster for the 10 m aperture, the temperature rise is now only slightly larger than for the 200 m aperture case. For example, a light pulse of 1 s duration and 1 mW power is computed to induce a peak temperature rise of T = 0.088 • C for the 10 m aperture, i.e. less than 2.5 times the temperature rise for the 200 m aperture size ( T = 0.038 • C) (Fig. 5c) .
To estimate the power levels which can be considered safe for the brain tissue, we assumed that a temperature rise up to 1 • C is acceptable (Price, 1999) . Using this reference for optical case to define the "safe" power limit is meant to provide a guide only as we recognize that the issue is a complex one especially under chronic conditions (and outside the scope of this paper). Our analysis above provides the means to calculate the amount of tissue heating for any temporal patterns of light delivered into the tissue. In recently reported in vivo optogenetics studies, many types of temporal patterns are reported Gerits et al., 2012; Han et al., 2009; Jazayeri et al., 2012; Tamura et al., 2012; Wang et al., 2011 Wang et al., , 2012 . Choosing some of these experimental conditions, we determined "safe power limits" for single light pulses of durations up (a) maps of temperature rise in tissue in response to a 1 mW light pulse of 0.1 ms "impulse" delivered through the coaxial optrode (left) and the fiber (right), (b) the temperature rise profile along the axial (z) direction following the light impulse (left for the coaxial optrode, right for the fiber). The curves with different colors correspond to different times after the light impulse, (c) the dependence of the temperature rise to representative experimental pulse durations up to 1 s. The cooling of the tissue by diffusive transport is evident in portions of the curves after 1 s (x-axis) and (d) the dependence of the estimated safe power levels on optical pulse duration (top) and frequency (bottom). The frequency calculations were made by assuming that each optical event was 3 ms long and applied as a pulse train at the specified frequencies for 1 s. The safe power levels were calculated by assuming that 1
• C rise in temperature is acceptable (from regulations by FDA on RF energy deposition generated during MRI). The safe power limits were 11.4 mW and 26.3 mW for 10 m and 200 m apertures, respectively, for a light pulse of 1 s duration. In case of trains of light pulses, few selections were 20.4 mW and 408.8 mW for 10 Hz, 19.0 mW and 154.6 mW for 100 Hz, and 13.1 mW and 34.9 mW for 250 Hz for 10 m and 200 m apertures, respectively. to 1 s (Fig. 5d, top) , and for pulse trains (3 ms pulse width) delivered at various frequencies for 1 s (Fig. 5d, bottom) . By the above criteria, the light levels reported in mentioned literature references and those with our small-aperture coaxial optrode were within the "safe" power regime.
Assessment of tissue damage caused by the coaxial optrodehistology
Tissue damage was assessed histologically in anesthetized squirrel monkeys as a part of a separate broader study to evaluate various optogenetic constructs (P.K. et al., 2012 Soc. Neurosci. Abstr. 229.03). To compare tissue damage caused by insertion, a conventional dual-pronged optrode (250 m diameter fiber glued to a metal electrode of 75 m diameter) was used to penetrate motor cortex; a coaxial optrode with a stainless steel tube down to the tip was used to penetrate the identical spot in contralateral motor cortex. The optrodes were mounted to stereotactic arms and lowered to an identical depth (2 mm below dura). Fig. 6a shows example of DAPI and NeuN stained sections of the cortex from the penetrated sites. While our aim is not to perform a thorough comparative study of the tissue response to optrodes, as a qualitative description, the damage caused by the dual-pronged optrode (top rows) was significant with approximately 200 m of tissue disruption which appeared like a rupture in the brain tissue. By contrast, the coaxial optrode penetration site displayed no sign of tissue rupture, but a narrow area of disruption of approximately 50 m. Smaller amount of tissue disruption with the coaxial optrode were anticipated due to its cylindrically symmetric structure, a design which to enable smooth motion through the tissue instead of mechanically rupturing it (which is likely the case for any dualpronged optrode due to its fork-like tip shape). Our description of the tissue response above was obtained from single-insertion trials in squirrel monkeys. In our experiments with macaques, typically a brain region was penetrated with the optrodes many times day after day leading to accumulated tissue damage which could be much more severe. The histological images in Fig. 6b shows examples of the amount of tissue disruption caused by the coaxial optrode after more than 30 penetrations in a macaque. The optrode tracks are clearly visible (white arrow) within the somatosensory area which was immune-stained for anti-YFP to track the YFP (co-expressed with C1V1) expression. While we did not characterize the tissue damage in macaques further, this example image shows that after many penetrations the tissue disruption is still considerably milder that the one observed with dual-pronged optrodes.
From another perspective, the dual-pronged optrodes was subject to breaking during insertion into the brain due to the blunt tip of the fiber, even if a guide tube was used for dura penetration, leaving a broken piece of fiber in the brain. This adds up an extra level of difficulty in its applicability to NHP studies by contributing to the amount of brain damage and decreasing the reliability of the experiments. In our experience with the coaxial optrode so far, we have never encountered a breakage. Thus the histological observations and structural properties of the probes support the observed electrophysiological evidence that our coaxial optrode enables a vastly safer means for performing light delivery and electrophysiological recordings in the primate model, when compared with commonly used segmented dual-pronged and similar devices.
Discussion
In this report, we have described the design, microfabrication and performance of the new coaxial optrode as a triple-function optical/electrical probe, specifically overcoming major obstacle in advancing optogenetics research in NHPs. We have shown through experiment and models that the device has reached the level of practical utility to advance optogenetic NHP studies, perhaps providing a reliable standard for the research community. The coaxial optrode offers significant advantages over earlier devices, e.g. the dual pronged-optrode and glass-coated tungsten electrode recently used in NHP optogenetics studies. We have demonstrated that the mechanically robust and axially symmetric structure of the coaxial optrode allows multiple penetrations into the primate brain with minimal tissue damage. Its design, including the small optical aperture (∼10 m) is well suited for precision targeting and spatial distribution of light delivery ( Fig. 4b and c) at resolution not possible with earlier probes. The illuminated brain volume is spatially more closely co-registered with simultaneous read-out electrophysiology. The coaxial device brings the advantage of higher degree of confidence in locating of the target brain regions while determining the levels of opsin expression. In the experiments presented in this report, recordings and light delivery/collection were performed down to 2 mm in the brain since the focus of our studies was the cortex. However, the design and physical characteristics of the coaxial optrode will readily allow spatially precise studies in targeted deeper brain structures, with minimal brain damage, including a chronic version of the device. Finally we note that the device is scalable in that it should be practical to deploy several optrodes together for simultaneous multisite electrophysiology and spatio-temporally controlled patterned illumination.
Furthermore, the small optical aperture size does not limit the spatial extent of opsin excitation (Fig. 4c) , or exclude affecting behavioral modulation. For example, we were able to generate visible muscle twitch responses in rodents using light power levels below 3 mW from the coaxial optrode (data not shown). In the case of NHPs, the current coaxial optrode is being used in ongoing studies of O'Shea, Goo, et al. (O'Shea et al., 2011 Soc. Neurosci. Abstr. 306.11; O'Shea et al., 2012; Goo et al., 2012) , where light delivery at 1-3 mW level input powers to dorsal premotor cortex has enabled comparison of behavioral and electrophysiological outcomes (data not shown, results to be reported). Finally, we note that the electrophysiological responsivity of the coaxial optrode can be finessed via microfabrication such as gold-coating smaller fractions of the fiber surface and/or multi-segmenting the metallization, analogous to a tetrode for enhanced single-unit isolation and larger signals.
